124 represses wound healing by targeting SERP1 and inhibiting the Wnt/β-catenin pathway.
Wound healing is a complex biological process in which cellular structures and tissue layers are restored after their destruction. 1 Approximately 1-1.5% of the population in the developed world suffers from chronic wounds and the costs of their treatment account for 2-4% of the healthcare budget. 2 The process of wound healing consists of 4 distinct but overlapping phases: hemostasis, inflammation, proliferation, and tissue remodeling. 3 These 4 phases must be orchestrated in a precise and regulated manner; otherwise, wound healing can be delayed or even prevented. 4 Scars are usually formed by excessive non-functioning disorganized deposition of extracellular matrix (ECM) components during normal wound healing. 5 However, keloids and hypertrophic scars, which are formed by prolonged and aberrant ECM accumulation during burns, surgery and wounds, can cause functional disability, cosmetic deformities, psychological stress, and a huge socioeconomic burden. 6 Due to the deficiencies of current therapeutic approaches, it is urgent to explore novel targets that could promote wound healing and help avoid keloids or hypertrophic scars.
MicroRNAs (miRs) are a category of highly conserved small non-coding RNAs 18-22 nt in length. 7 Recently, increasing numbers of miRs have been reported as participating in wound healing through recognizing and binding complementarily to the 3'-untranslated region (3'UTR) of target genes, resulting in degradation of mRNA or repression of translation. 8 For example, miR-27b accelerates wound healing in type 2 diabetes mellitus. 9 Another report showed that miR-21 regulates wound contraction and collagen deposition by targeting various aspects of the healing process. 10 In addition, miR-1908 plays a positive role in scar formation by suppressing Skimediated inflammation in vitro and in vivo. 11 The functional role of miR-124 has been widely investigated in various cancers, including ovarian cancer, 12 non-small-cell lung cancer, 13 esophageal cancer, 14 and breast cancer. 15 However, the specific role of miR-124 in wound healing remains unclear.
The process of wound healing involves various types of cells, including inflammatory cells, keratinocyte, fibroblasts, and endothelial cells. 4 As the major cell type in the epidermal layer, keratinocytes migrate to cover the lesion and restore the barrier function of the skin during wound healing. When the wound area is totally covered, the keratinocytes are differentiated to a basal phenotype by contact inhibition. 16 Considering the essential roles of keratinocyte in wound healing, we chose keratinocytes to explore the effects of miR-124 on wound healing and the underlying mechanisms. Furthermore, the possible target gene of miR-124 was also investigated.
Material and methods

Cell culture and transfection
Primary human epidermal keratinocytes were purchased from the American Type Culture Collection (ATCC, Manassas, USA). The keratinocytes were maintained in Dermal Cell Basal Medium (ATCC) supplemented with a Keratinocyte Growth Kit (ATCC) at 37°C with 5% CO 2 . To obtain non-physiological expression of miR-124, the keratinocytes were transfected with miR-124 mimic, scrambled miRNA (a negative control of miR-124 mimic: mimic NC), antisense oligonucleotides against miR-124 (ASO-miR-124), or a negative control of ASO-miR-124 (ASO-NC) (all from GenePharma, Shanghai, China). To overexpress stress-associated endoplasmic reticulum protein 1 (SERP1), complete SERP1 sequences were cloned into a pcDNA3.1/Zeo vector (Invitrogen, San Diego, USA) to generate pcDNA3.1/SERP1 (pc-SERP1); the recombined plasmid was then transfected into keratinocytes. The keratinocytes were seeded with a density of 1 × 10 5 cells/well and were maintained to 30-50% confluence. Cell transfection was then performed using Lipofectamine 2000 transfection reagent (Invitrogen) according to manufacturer's instructions. The keratinocytes were divided into 4 groups (mimic NC, miR-124 mimic, ASO-miR-124, and ASO-NC) or 3 groups (mimic NC, miR-124 mimic and miR-124 mimic + pc-SERP1) through cell transfection. Each group included 3 replicate wells.
Cell viability and cell cycle
Cell viability was measured with MTS assay using the CellTiter 96 AQueous One Solution Cell Proliferation Assay (Promega Corp., Madison, USA). Briefly, keratinocytes were seeded into a 96-well plate. At 24 h, 48 h and 72 h after transfection, 20 μL of AQueous One Solution Reagent (Promega Corp.) was added to each well and the keratinocytes were incubated at 37°C for additional 4 h. The absorbance was detected with a microplate reader (Bio-Rad Laboratories Inc., Hercules, USA) at 490 nm. To determine the cell cycle, keratinocytes were collected at 48 h posttransfection and washed in phosphate-buffered saline (PBS; Beyotime, Shanghai, China). The keratinocytes were then fixed in cold 70% ethanol at 4°C overnight. The fixed keratinocytes were washed in PBS until the ethanol was thoroughly decanted. Afterwards, the keratinocytes were incubated in propidium iodide solution (PI, 50 μg/mL; Sigma-Aldrich, St. Louis, USA) at 37°C for 30 min in the dark. The fluorescence intensity of the stained keratinocytes was detected on a FACSCalibur flow cytometer (BD Biosciences, San Jose, USA) and the data was analyzed using FlowJo software (Tree Star Inc., San Carlos, USA).
Colony formation assay
Twenty-four hours after transfection keratinocytes were plated into a 12-well plate at a density of 300 cells/well. The keratinocytes were then cultured at 37°C for 14 days; the culture medium was changed every 3 days. After being stained with 2% crystal violet, the colonies that included more than 50 cells were counted.
RNA isolation and qRT-PCR
The total RNA of transfected keratinocytes was extracted with TRIzol reagent (Invitrogen) according to the manufacturer's instructions, and reverse transcription of 1 μg RNA was performed using an mRNA Selective PCR kit (Takara, Dalian, China). Using cDNA as a template (50 ng), quantitative real-time polymerase chain reaction (qRT-PCR) was performed by means of the Power SYBR Green PCR Master Mix with the 7500 Fast Real-Time PCR system (Applied Biosystems, Foster City, USA). The primers were designed and synthesized by Sangon (Shanghai, China). The relative expression fold was calculated according to the 2 -DDCt method. 17 GAPDH acted as the housekeeping gene.
Protein extraction and western blot analysis
Transfected keratinocytes were lysed in ice-cold RIPA buffer (Beyotime) containing a protease inhibitor cocktail (Roche Diagnostics GmbH, Mannheim, Germany). After quantification with a bicinchoninic acid (BCA) assay kit (Pierce Biotechnology, Rockford, USA), lysates containing approx. 30 μg of proteins were separated using sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE), and the proteins in the SDS-PAGE gels were further transferred onto polyvinylidene fluoride (PVDF) membranes (EMD Millipore, Billerica, USA). After blocking and incubation with primary antibodies against cyclin B1 (ab32053), cyclin D1 (ab137875), cyclin-dependent kinase 2 (CDK2, ab32147), collagen I (ab34710), SERP1 (ab130974), β-catenin (ab6302), glycogen synthase kinase 3β (GSK-3β, ab131356), T-cell transcription factor 4 (TCF-4, ab185736), leukemia enhancer factor 1 (LEF-1, ab52017), or GAPDH (ab128915) (all from Abcam, Cambridge, UK), the blots were detected using appropriate secondary horseradish peroxidase-conjugated secondary antibodies (Abcam) and visualized using enhanced chemiluminescence (Pierce Biotechnology). The intensity of the bands was detected using Image Lab software (Bio-Rad Laboratories Inc.) and quantified using Image J software (National Institutes of Health, Bethesda, USA).
Collagen assay
The quantity of fibrillar collagens (type I to V) was assayed using the Sircol Soluble Collagen Assay Kit (Biocolor Ltd., Carrickfergus, UK) according to the manufacturer's protocol. Briefly, the cell culture medium was collected at 48 h post-transfection and mixed with Sircol dye reagent, which specially binds to the Gly-X-Y fragment in the helical structure. The serum concentration of the culture medium must be no more than 5% at this point. After incubation for 30 min at room temperature, the mixture was centrifuged and the precipitate was mixed with ice-cold acidsalt washing reagent, followed by another centrifugation.
The precipitate was dissolved in Alka reagent for approx. 5 min and the absorbance was detected under 555 nm.
Luciferase reporter assay
Putative target genes of miR-124 were predicted using a TargetScan algorithm. A wild-type (WT) 3'UTR fragment containing a putative binding site for miR-124 and mutant (Mut) 3'UTR with site-mutagenesis at the binding site were inserted into a pmirGLO Vector (Promega Corp.). The mutant was constructed using the Directed Mutagenesis System (Invitrogen) with the sequence of SERP1 at the position between 188 and 194 as well as the position between 1645 and 1652. For the luciferase reporter assays, keratinocytes were seeded in a 24-well plate (1 × 10 5 cells/well) and maintained for 24 h before transfection. The 3'UTR reporter plasmids (WT or Mut) and miR-124 mimic, mimic NC, ASO-miR-124, or ASO-NC were co-transfected into the keratinocytes using Lipofectamine 2000 reagent (Invitrogen). The transfected keratinocytes were harvested 24 h later and assayed using the Dual-Luciferase Reporter Assay System (Promega Corp.) according to the manufacturer's protocol. Firefly luciferase activity was normalized to renilla luciferase activity for each well.
Statistical analysis
All the experiments were repeated 3 times. The results are presented as means ± standard deviation (SD). The statistical analysis was performed using GraphPad Prism 5 software (GraphPad Software Inc., San Diego, USA). The p-values were calculated using the unpaired twotailed t-test or one-way analysis of variance (ANOVA) with Bonferroni's correction. A p-value less than 0.05 (marked by *) was considered statistically significant.
Results
MicroRNA-124 is non-physiologically expressed in keratinocytes
Mimic NC, miR-124 mimic, ASO-NC, and ASO-miR-124 were transfected into keratinocytes. The results in Fig. 1 showed that the miR-124 level was significantly upregulated after transfection with miR-124 mimic compared to the mimic NC group (p < 0.01), but was markedly downregulated after transfection with ASO-miR-124 compared to the ASO-NC group (p < 0.01). This data indicates that miR-124 was non-physiologically expressed in keratinocytes after cell transfection.
MicroRNA-124 inhibits keratinocyte proliferation
To investigate the effects of miR-124 on keratinocytes, cell proliferation, cell viability, colony formation, the cell cycle, and expressions of cell cycle-associated proteins were all assessed in transfected keratinocytes. In Fig. 2A , cell viability was markedly reduced by miR-124 mimic compared with the mimic NC group at 24 h (p < 0.05), 48 h (p < 0.01) and 72 h (p < 0.01) after transfection. Meanwhile, the number of colonies formed in keratinocytes overexpressing miR-124 was obviously lower than in the mimic NC group (p < 0.05, Fig. 2B ). The fluorescence-activated cell sorting (FACS) results in Fig. 2C show that miR-124 overexpression reduced the number of keratinocytes in the S phase, while it increased the number in G 0 /G 1 phase, accompanied by nearly unchanged numbers in the G 2 /M phase when compared with the mimic NC group. In addition, mRNA and protein expression levels of cyclinB1, cyclinD1 and CDK2 were all significantly decreased by miR-124 overexpression in comparison with the mimic NC group (p < 0.05 or p < 0.01, Fig. 2D-E) . Also, the effects of ASO-miR-124 on keratinocytes were the opposite to those of miR-124 mimic. Taking all this together, we concluded that miR-124 inhibited the cell proliferation of keratinocytes.
MicroRNA-124 inhibits collagen biosynthesis
To assess the effects of miR-124 on collagen biosynthesis, intracellular collagen and collagen in a culture medium were both evaluated. In Fig. 3A , intracellular collagen I was markedly downregulated by miR-124 mimic, while it was upregulated by ASO-miR-124. Likewise, the content of collagens in the culture medium of keratinocytes overexpressing miR-124 was lower than in the mimic NC group (p < 0.05, Fig. 3B ). The effect of ASO-miR-124 was just the opposite. This demonstrates that miR-124 inhibited collagen biosynthesis in keratinocytes.
SERP1 is a target gene of miR-124
After screening with a TargetScan algorithm, SERP1 was identified as a putative target gene of miR-124. The complement sequence is shown in Fig. 4A . To identify whether miR-124 directly targets SERP1, luciferase activity was assessed after co-transfection. As shown in Fig. 4B , miR-124 mimic markedly decreased the luciferase activity of keratinocytes transfected with plasmid containing WT 3'UTR but not Mut 3'UTR (p < 0.01). Meanwhile, ASO-miR-124 significantly increased the luciferase activity of keratinocytes transfected with plasmid containing WT 3'UTR but not Mut 3'UTR reporter (p < 0.01), as shown in Fig. 4C . In Fig. 4D -F, the mRNA and protein expression levels of SERP1 were both reduced in keratinocytes overexpressing miR-124 compared with the mimic NC group (p < 0.01). At the same time, the expression levels of SERP1 were elevated in keratinocytes with ASO-miR-124 compared with the ASO-NC group (p < 0.05 or p < 0.01). All these results suggest that SERP1 is a target gene of miR-124 and its expression was negatively regulated by miR-124.
SERP1 overexpression rescues inhibitory effects of miR-124 on keratinocytes
After pcDNA3.1 or pc-SERP1 was transfected into keratinocytes, mRNA and protein expression levels of SERP1 were assessed. As shown in Fig. 5A-B , both mRNA and protein expression levels of SERP1 were significantly upregulated after transfection with pc-SERP1 compared to the pcDNA3.1 groups (p < 0.01 or p < 0.001). Cell viability, which was decreased by miR-124 overexpression, was obviously increased by SERP1 overexpression when compared to the miR-124 mimic group at 24 h, 48 h and 72 h (all p < 0.05, Fig. 5C ) after transfection. Analogically, the colony formation rate and collagen content, which were reduced by miR-124 overexpression, were both enhanced by SERP1 overexpression when compared to the corresponding miR-124 mimic group (p < 0.05, Fig. 5D-E) . These results imply that SERP1 overexpression could reverse the effects of miR-124 overexpression on keratinocytes.
MicroRNA-124 represses activation of the Wnt/β-catenin pathway
To reveal the underlying mechanisms of miR-124 modulations, the expression of key kinases involved in the Wnt/β-catenin pathway was assessed with western blot analysis in transfected keratinocytes. The results presented in Fig. 6A showed that miR-124 mimic obviously downregulated β-catenin but upregulated GSK-3β. Further results suggested that TCF-4 and LEF-1 expression were both downregulated by miR-124 mimic (Fig. 6B) . Not surprisingly, the effects of ASO-miR-124 on the expressions of these kinases were just the opposite. All these results indicate that miR-124 repressed activation of the Wnt/βcatenin pathway in keratinocytes.
Discussion
Considering the deficiencies of current therapeutic treatments for the effective reduction of skin scar formation, it is an unmet challenge for clinicians to explore novel therapeutic targets. In this study, we found that miR-124 significantly reduced cell viability, lowered the colony formation rate and downregulated expressions of cell cycle-associated proteins as well as collagens. Additionally, miR-124 overexpression induced G 0 /G 1 phase arrest in keratinocytes. The effects of miR-124 silence on keratinocytes were just the opposite. Afterwards, using the online TargetScan software, SERP1 was hypothesized to be a target gene of miR-124, and the subsequent luciferase assay verified the hypothesis. Meanwhile, SERP1 overexpression could reverse the effects of miR-124 overexpression, also validating this hypothesis. The final western blot analysis suggested that miR-124 deactivated the Wnt/β-catenin signaling pathway.
During the course of wound healing, re-epithelialization is pivotal to optimal wound closure due to its role in wound contraction. 18 The process of re-epithelialization is partially mediated by keratinocyte proliferation. 19 At the wound margin, keratinocytes begin to proliferate behind the migrating cells and thereby feed the migrating sheets. 20 Thus, cell proliferation of keratinocytes plays an essential role in wound healing. A previous study reported that Smad4 inhibits wound healing by inhibiting keratinocyte proliferation. 21 Another study also reported that dermatopontin has a profound role in wound healing by promoting keratinocyte proliferation. 19 In our study, miR-124 overexpression significantly inhibited keratinocyte proliferation, while miR-124 silence markedly promoted keratinocyte proliferation, indicating that miR-124 might inhibit wound healing. The inhibitory effect of miR-124 on cell proliferation was also consistent with previous studies performed in cancer cells. 22, 23 To our knowledge, it is the first time the role of miR-124 in wound healing has been explored.
In order to close a wound opening, maturing ECM is recruited. 24 As collagen is a major component of ECM, collagen biosynthesis is critical to both normal and pathological skin wound healing and can greatly affect the quality and outcome of healing. 25 Zhou et al. demonstrated that the rate of collagen synthesis was increased during wound healing in muscle. 26 Wang et al. also illustrated that calcium alginate accelerated the process of wound healing by improving type I collagen synthesis. 27 Therefore, we also explored alterations of collagen biosynthesis in keratinocytes with ectopic miR-124 expression. Our results showed that collagen synthesis was markedly decreased by miR-124 overexpression, while it was increased by miR-124 silence, indicating the potential inhibitory effect of miR-124 on wound healing. MicroRNAs usually function by binding to the 3'UTR of target genes, so we further explored the possible target gene of miR-124. TargetScan algorithms predicted more than 2,000 genes as possible target genes of miR-124. SERP1, also termed ribosome-associated membrane protein 4 (RAMP4), is implicated in the stabilization of newly synthesized membrane proteins and in N-linked glycosylation. 28 Previous studies have reported that heat shock protein (Hsp47), which localizes in the endoplasmic reticulum, is a collagen-specific molecular chaperone, and that miR-29b reduces collagen biosynthesis by inhibiting Hsp47. 29, 30 We therefore hypothesized that SERP1 might be a target gene of miR-124. The subsequent luciferase assay and the changes in SERP1 expression induced by ectopic expression of miR-124 verified this hypothesis. Additionally, we also evaluated the cell viability, colony formation and collagen content in keratinocytes transfected with miR-124 alone or accompanied by SERP1 overexpression. The results once again verified that SERP-1 is a target gene of miR-124.
The Wnt/β-catenin signaling pathway has been widely explored; it is involved not only in cell proliferation and the cell cycle, but also in wound healing. 31, 32 Moreover, the Wnt/β-catenin pathway has been proven to regulate the proliferation and apoptosis of keratinocytes in psoriasis lesions. 33 Hence, we studied the expressions of key kinases involved in the Wnt/β-catenin signaling pathway. In the canonical Wnt/β-catenin pathway, Wnt activates the "destruction complex", which is composed of axin, adenomatous polyposis coli (APC) and GSK-3β, and prevents the phosphorylation and ubiquitination of β-catenin. 34 When the β-catenin in cytoplasm is accumulated and translocates to the nucleus, β-catenin binds with TCF/LEF-1 transcription factors and then activates the transcription of downstream target genes, including cyclinB1, cyclinD1 and CDK2. 35, 36 In the present study, miR-124 obviously upregulated GSK-3β expression, suggesting upregulation of the destruction complex. As might be expected, the expression of β-catenin was downregulated, and downstream TCF-4 and LEF-1 were also markedly downregulated. As a consequence, cell cycle-associated proteins, including cyclin B1, cyclin D1 and CDK2, were all downregulated by miR-124. Hence, we came to the conclusion that miR-124 might affect keratinocyte proliferation and the cell cycle by deactivating the Wnt/β-catenin pathway.
Finally,, we have shown that miR-124 significantly inhibited cell proliferation and collagen synthesis in keratinocytes. SERP1 is a target gene of miR-124 and its Fig. 6 . MicroRNA miR-124 represses activation of the Wnt/β-catenin signaling pathway. Keratinocytes were transfected with miR-124 mimic, mimic NC, ASO-miR-124, or ASO-NC. A) protein expressions of β-catenin and glycogen synthase kinase 3β (GSK-3β) measured using western blot analysis; B) protein expressions of TCF-4 and LEF-1 measured using western blot analysis overexpression could attenuate the effects of miR-124 on keratinocytes. Moreover, miR-124 significantly deactivates the Wnt/β-catenin pathway. These findings imply that miR-124 silence in wounds might be an effective strategy for healing and that miR-124 is a potential therapeutic target for wound healing.
